Four cyclic peptide toxins were purified and quantified from the aqueous extract of algal cell material utilizing high performance liquid chromatography, thin layer chromatography, and fast atom bombardment mass spectrometry. The cyclic peptide toxins appear to be similar structurally to hepatotoxins fron previously identified blooms of the blue-green alga Microcystis aeruginosa.
Methods for the analysis of most algal toxins in animal tissues or body fluids are not presently available,' however techniques for identification and quantification of cyclic peptide toxins from algae have been developed. 6 Using a previously collected aqueous extract from algal cell material 2 high-performance liquid chromatography (HPLC), silica gel thin-layer chromatography (TLC), and fast atom bombardment mass spectrometry (FABMS) were used to isolate and characterize 4 algal toxins.
Materials and methods
High performance liquid chromatography. Isocratic reversed-phase HPLC conditions were used with a C 18 column a (4.6 x 250 mm) for analytical separations and a C 18 column b (10 x 250 mm) for preparative separations and UV detection at 254 nm. c Solvent mixtures 2575 acetonitrile: 0.1% ammonium acetate (analytical) and 55:45 (analytical) and 6:4 (preparative) methanol : 0.7% sodium sulfate were used at 1 ml/min (analytical) and 2 ml/min (preparative).
Thin Zayer chromatography. TLC was performed on precoated silica gel plates. d Absorbed spots were detected under UV light at 254 nm and by spraying phosphomolybdic acid (10% in ethanol) followed by heating. The following solvent mixtures were used: A, 26: 15:3 chloroform : methanol : water; B, 8:4:3 ethyl acetate : isopropanol: water; C, 4:3:2 ethyl acetate : isopropanol : water; D, 4: 1:1 n-butanol : acetic acid : water.
Mass spectra. Mass spectra were run on a mass spectrometer" operating in the fast atom bombardment mode using xenon atoms (accelerating potential, 8 kV) and a matrix of dithiothreitol/dithioerythritol. 8 Approximately 10 µg of each sample was applied as a methanol solution.
Separation of the toxin fraction. Lyophilized cells (1.0 g) were extracted twice with methanol (each 100 ml) while stirring for 16 hr. The cells were separated by filtration each time, and the extracts were combined. The combined extract was evaporated to dryness under reduced pressure, suspended in water (10 ml), and filtered. The filtrate was passed through an octadecylsilanized (ODS) silica gel column (10 g). The column was rinsed with water (100 ml) and 5% methanol in water (100 ml), and the toxins were eluted with 80% methanol (50 ml). The eluate was evaporated to dryness (16.7 mg) under reduced pressure, dissolved in methanol, and run on a Sephadex LH-20 column chromatograph to a give a 7.4-mg toxin fraction.
The toxin fraction was separated by reversed-phase HPLC with the 6:4 methanol : 0.7% sodium sulfate solvent mixture into 8 fractions. Each fraction was evaporated to remove methanol and then passed through an ODS cartridge f (500 mg gel), and the cartridge was rinsed with water. The toxins were recovered from the cartridge by eluting with methanol.
Quantitative analysis of microcystin-LR in the toxin fraction. Microcystin-LR (mic-LR) was quantified using HPLC, with photodiode array detector at 238 nm. g A C 18 column a (4.6 x 250 mm) was used with the 25:75 acetonitrile: 0.1% ammonium acetate solvent mixture at 1 ml/min. A calibration table was created by injecting the standard solution (the same solvent mixture used for chromatography) containing 0.5, 0.7, 0.9, 1.1, 1.3, and 1.5 µg of the authentic microcystin (mic-LR). The calibration curve was calculated by linear least squares regression. The toxin fraction in the same solvent mixture (4 µg/10 µ1) was injected and the chromatogram was integrated in terms of concentration.
Results
Chromatography of the extract obtained from the algal cells (1 g) produced 7.4 mg of the toxin fraction. The chromatograms of the toxin fraction are shown in Fig. 1 .
The toxin fraction was separated into 8 fractions: 1, 0.7 mg; 2, 1. The fraction 5 (the main peak; peak 1 in Fig. 1B ) was almost pure mic-LR ( Fig. 2, structure 1) , which was identified by the direct comparison of HPLC, TLC, and FABMS (m/z 995 [M + H]) with the authentic sample isolated from the bloom of Microcystis spp. collected from Homer Lake, Illinois. 6 The compound in the second largest peak (fraction 6; peak 4 in Fig.  1B) showed a molecular ion peak at m/z 995 (M + H). the same as mic-LR ( Fig. 2. structure 1) in the FABMS. This fraction was designated as (6Z)-Adda microcystin-LR (6Z-Adda-mic-LR; Fig. 2 , structure 4), the stereoisomer of mic-LR ( Fig. 2, structure 1 ) at the double bond in Adda ([2S, 3S, 8S, 9S]-3-amino-9-methyoxy-2, 6, 8-trimethyl-10-phenyldeca-4, 6dienoic acid) 3, 4 by the direct comparison with the authentic sample obtained from Microcystis spp. (Homer Lake cells). The fraction 8 (peak 2, Fig. 1B) was identical to [D-Asp 3 ]microcystin-LR (Asp-mic-LR; Fig. 2 , structure 2) 5 compared by TLC, HPLC, and FABMS (m/z 981 [M + H]) with the authentic sample isolated from Finnish Anabaena spp. 8 The 9-O-demethyl-Adda (DMAdda) variant of mic-LR 6 (Fig. 2, structure 3) was detected in fraction 1 along with several compounds not related to microcystins. The fraction was further separated by preparative TLC (solvent A). One of 3 TLC fractions showed a molecular ion peak at m/z 981 (M + H) in the FABMS and was identical to [DMAdda 5 ]microcystin-LR (DMAdda-mic-LR; Fig.  2 , structure 3) by direct comparison with the authentic sample isolated from the Homer Lake cells. 6 No microcystin analogues were detected in fractions 2, 3, and 4. Fraction 7, collected between fractions 5 ( Fig. 1B , peak 1) and 6 (peak 4), 6 and 8 (peak 2), and 8 through the next injection, contained only trace amounts of mic-LR, Asp-mic-LR, and 6z-Adda-mic-LR (Fig. 2,  structures 1, 2, and 4, respectively) .
The content of mic-LR (Fig. 2, structure 1 ) in the toxin fraction was analyzed by HPLC using acetonitrile : 0.1% ammonium acetate (Fig. 1A) . The peak of mic-LR in the HPLC obtained with this solvent mixture also contained the stereoisomer of mic-LR (Fig.  2, structure 4) . The calculated total weight of mic-LR (structure 1) and its stereoisomer (structure 4) in the toxin fraction (7.4 mg) was 2.2 mg.
In summary, the toxin components detected in the bloom of M. aeruginosa, collected in California, were identified as mic-LR, Asp-mic-LR, DMAdda-mic-LR, and 6Z-Adda-mic-LR ( Fig. 2, structures 1-4) . The ratio of mic-LR, Asp-mic-LR, and 6Z-Adda-mic-LR calculated from isolated yields was 10: 1:2, whereas DMAdda-mic-LR was only detected in trace quantities. The total weight of mic-LR (Fig. 2, structure 1 ) and its stereoisomer (structure 4) in the cells was 0.22% of the dried cell weight, based on HPLC analysis of the toxin fraction.
Discussion
A number of toxins are produced by different strains of Microcystis. 1 Isolation of specific strains and toxin identification is therefore important to assess the significance of a particular organism's contribution to cyanophyte poisonings. In this case, the toxicologic analysis found 4 toxic fractions, with 1 toxin characterizing more than 70% of the sample. The toxicities of the characterization of toxic cyclic peptides from blue-green algae by tandem mass spectrometry. Proc Natl Acad Sci USA 86:770-774.
